The tribological behaviour of polymer particles containing an encapsulated, organic friction modifier (FM) is presented. Particles comprising of a poly (methyl methacrylate) (PMMA) shall and a methanol core, into which FM was dissolved, were produced via a dispersion polymerization producing a core-shell morphology. The inclusion of these particles dramatically increased the overall concentration of FM which could be blended into dodecane.
Introduction
In a passenger car as much as 28% of the energy produced by a tank of fuel is used in overcoming frictional forces within the engine [1] , with as little as 12% of the total energy being used to drive the wheels [2] [3] [4] . Pressure to increase fuel economy, reduce engine emissions, and increase the lifetime of engine parts has been growing over recent years and this has driven the development of new engine technologies and lubricants [2, 5] . In order to optimise the lubricating performance of engine oils, and to allow engines to perform to the best of their ability, different chemical additives are blended into the oil. These additives can function either to enhance the lubricating performance of the base oil being used or to protect the metallic surfaces of the engine [5] [6] [7] [8] . Of particular importance are the surface active additives, such as friction modifiers and antiwear additives, which help to improve the tribological performance in boundary/mixed lubricated systems. The main role of these additives is to interact with lubricated surfaces to produce a low friction, durable tribofilm [9] . During the extended periods of time between services, the additives will be depleted due to the normal operation of the oil in the engine; this results in a decrease in the effectiveness of the engine oil in reducing friction and wear between moving parts. Therefore, new methods must be developed to introduce fresh additives into the oil over time, potentially overcoming this issue. At present, the amount of additive that can be blended into an engine oil is dictated by the solubility of each additive into that oil and the desire to balance and control possible additive -additive interactions [10] [11] [12] [13] [14] [15] .
In this study, we use a microencapsulation system to increase the concentration of an organic friction modifier (FM) in a model oil. This is an innovative approach to increase the additive concentration of an engine oil, and also has the potential to replenish additive concentrations whilst in service.
Microencapsulation of active ingredients is a common solution adopted in a wide variety of industries, including the pharmaceutical, food, and dye industries among many others, and as such has been widely documented [16] [17] [18] . Reasons for microencapsulation can include, but are not limited to: protection of the core from chemical reaction, oxidation or degradation, protection from harsh environments or to allow the targeted, controlled release of an active ingredient from the microcapsule/particle core over a given time period or under specific conditions, including in response to certain triggers (for example, changes in temperature or pH) [19] . The particles prepared here are designed to act as an 'additive reservoir', capable of replenishing the additive concentration in the oil as it is consumed.
Additive microencapsulation process
The designed particles were prepared via dispersion polymerization in a non-aqueous continuous phase [20, 21] . Dispersion polymerization typically results in the production of monodisperse, spherical polymer particles. Typically, spherical particles have a higher elasticity than irregularly shaped particles and are less likely to interact with surface asperities [22, 23] , this makes them highly suited for use in tribological applications. The general principle behind dispersion polymerization is that all reactants, including the monomer, are soluble in the reaction medium, but the corresponding polymer is insoluble and thus precipitates during the polymerization process (as the polymer grows to a longer chain length) and forms seed particles. These seeds then continue to grow until all of the monomer is consumed [24, 25] or the polymerization is quenched. The use of polymeric stabilisers, the use of which is typical of non-aqueous dispersion polymerization processes, prevents particle aggregation throughout the polymerization process. These stabilizers locate themselves on the surface of the growing (and final) particles, providing colloidal stability in the continuous phase. In this particular work, we chose to use a stabilizer consisting of a reactive homopolymer (or macromonomer), which would participate in the polymerization reaction. This resulted in the growth of a second block onto the homopolymer stabilizer as the reaction proceeds, which anchors the stabilizer on the surface of the particles. This process, and the synthesis carried out in this work, are described schematically in Fig. 1 . To achieve a polymer particle with a liquid core, in which the FM will be encapsulated, a co-solvent, in our case methanol, is added to the initial polymerization mixture, as represented in Fig. 2 . This co-solvent is incorporated within the particle core during the polymerization process as it preferentially wets the precipitating polymer rather than mixing with the dodecane continuous phase due to the very poor solubility of methanol in the dodecane [19, 26, 27] .
For a successful co-solvent (and additive dissolved within the cosolvent) encapsulation process, the following conditions must be met:
• The continuous phase and co-solvent must be immiscible;
• The additive should be soluble in the co-solvent, but not in the continuous phase.
The organic FM used here was a commonly used NOCH (nitrogen, oxygen, carbon and hydrogen) additive with a chemical structure similar to that of standard surfactants. This may also contribute to its incorporation within the growing particle seeds. The polymer stabilizer has a greater affinity for the particle surface and thus the FM is thought to mostly be present within the core of the particles.
Particles produced were tested for colloidal stability over a period of months, and aside from obvious sedimentation over time as a result of density differences, no signs of significant aggregation were found in any samples. This was due to the use of PDMS layer present on the surface of the particles. This polymer layer is chemically anchored on the particle and fully solvated by the continuous phase, which provides a long-term steric layer on the particles preventing aggregation.
Experimental

Synthesis of solid poly(methyl methacrylate) particles
Particles were synthesized via dispersion polymerization in a nonaqueous continuous phase. The initial polymerization mixture used in the synthesis of the poly (methyl methacrylate) (PMMA) particles is detailed in Table 1 .
Here, particle diameter and polydispersity were controlled by altering the concentrations of the various components (i.e., monomer concentration, initiator concentration etc.) or by changing the physicochemical characteristics of particle production process (i.e., stirring speed, reaction time etc.).
PDMS-MA, dodecane, AIBN and MMA were added, in this order, to a round bottom flask, which was then fitted to a condenser refluxer. The whole system was then purged with N 2 (g), in an ice bath, whilst stirring at 300 rpm for 30 min using an overhead stirrer. Subsequently, the nitrogen source was removed and polymerization was carried out at 80°C, 300 rpm for 4 h. Once polymerization was complete, air was let into the system, which degrades any free radicals remaining in the reaction medium, thus stopping the reaction. At this point, the warm particle suspension was filtered through a plug of glass wool to remove any aggregates that may have formed. Unreacted monomer and excess stabilizer were removed from the suspension through repeated cycles of centrifugation, removal of the supernatant and resuspension of the particles in fresh dodecane.
Particles synthesized by this method were highly monodisperse and could be synthesized in a controllable manner to the desired hydrodynamic diameter [21] . A Malvern Zetasizer Nano ZS was used to measure the hydrodynamic diameter and polydispersity of the resulting particle suspension. This was subsequently verified using electron microscopy. To prepare PMMA polymer particles with a liquid core, a co-solvent (methanol), which meets the criteria defined in section 2 above, is added to the initial polymerization mixture. Organic FM was dissolved in the methanol prior to starting polymerization with the aim of retaining the FM within the methanol core of the resulting particles. The dispersion polymerization process was carried out with a 9:1 ratio between the dodecane continuous phase and methanol. Synthesis was carried out as detailed in Section 3.1. And once again, unreacted monomer and excess stabilizer were also removed using repeated centrifugation and redispersion steps.
Particles prepared were highly monodisperse and could be synthesized in a controllable manner to the desired hydrodynamic diameter. The encapsulation of FM within the particles allowed for a much greater concentration of additive (up to 3.07 wt%) to be added to the dodecane than is possible using traditional blending methods (∼0.004 wt%).
Tribological testing
Tribological testing was carried out using a Cameron Plint TE77, low speed reciprocating test machine. The TE77 tribometer uses a pin attached to a reciprocating arm which moves across a stationary plate.
Testing conditions were chosen to simulate the running conditions of the piston ring and cylinder liner system within an engine. The load, frequency and applied force were chosen to replicate boundary lubrication conditions. The radius of the pin, the materials of the pin and plate, and the roughness of both surfaces were also chosen to achieve boundary lubrication and to mimic the materials used within a typical engine. The TE77 operating temperature was chosen to be within the working range of the organic friction modifier whilst still being below the glass transition temperature of the PMMA used. The materials used and operating conditions are shown in Table 2 .
The experimental work has been designed to evaluate the effect of particle type (with or without FM in the core), particle diameter and particle concentration on friction performance.
Wear analysis was conducted using scanning white light interferometry on a Bruker NP FLEX interferometer. All measurements were taken under vertical scanning interferometry mode, scan speed 1, magnification 2.5x.
Oil samples used in tribological testing
The action of organic FM in model oils and fully formulated oils is well documented [22, 23, [28] [29] [30] [31] . However, in our case, a model oil (i.e. dodecane) was used throughout this study, and due to this it was necessary to initially confirm the ability of our chosen FM to reduce friction and wear when dissolved in dodecane. Subsequently, this study will focus on the effect of the particles themselves on friction and wear of the system.
A testing matrix was thus devised to accommodate both of these aspects. These experiments were deisgned to investigate the friction and wear reduction properties of: 1) Dodecane, containing no engine oil additives or particles. 2) Dodecane fully saturated with FM. This represents the maximum concentration of FM which could be blended into the model oil through traditional blending methods. 3) Dodecane with solid PMMA particles containing no FM.
Respectively, particles with diameters measuring ∼150 nm (small), ∼850 nm (medium) and ∼1600 nm (large) were tested. 4) Dodecane with particles containing a methanol core, with no added FM. 5) Dodecane with particles containing a methanol core, with dissolved FM. These particles are referred to as 'FM-loaded' particles in this text. Here, particles measuring ∼1000 nm in diameter were tested, which contained different concentrations of FM within their cores.
Information regarding the polydispersity index of the particles produced and used in this work can be found in the Supplementary Information. These are given alongside SEM micrographs of the particles as synthesized.
All of the different particle types were tested at different particle concentrations in order to study the corresponding effects on the friction and wear. It should be noted that, in samples that contained encapsulated FM, altering the particle concentration also altered the concentration of FM in the system. All particle samples were compared to pure dodecane (0 wt% particles) and also dodecane fully saturated Fig. 2 . Dispersion polymerization in the presence of the insoluble co-solvent methanol in which the FM is initially dissolved. D) Continuous phase (containing stabilizer -∼, initiator -■ and monomer -orange •) and a co-solvent (striped •) are stirred and heated. E) Primary particles form in the continuous phase. F) Cosolvent incorporates within the growing polymer particles. G) Polymer particles (red •) are formed containing encapsulated co-solvent. Stabilizers prevent particle aggregation during the polymerization process and provide stability to the final particle in the continuous phase. The typical conversion rate in this particular synthesis was measured to be ∼70%. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
. Friction
Here, the tribological behaviour of dodecane containing solid PMMA particles, PMMA particles with a liquid methanol core, and 'FMloaded' PMMA particles with a liquid methanol core. Each sample is also compared to pure dodecane and dodecane fully saturated with FM. All testing was carried out using the test parameters detailed in Section 3.3 and was repeated at least three times.
Given a equilibration period of 30 min, it can be seen that the coefficient of friction for pure dodecane was one of the highest of any of the samples measured (Fig. 3) . It also showed the largest fluctuation of any of the samples tested. As expected, when dodecane is fully saturated with FM, the friction coefficient measured is reduced and after an initial equilibrium period appears to reach a steady state.
The inclusion of PMMA particles does not appear to have an effect on the friction coefficients recorded when compared to that of pure dodecane. Dodecane samples containing particles with a methanol core but no FM appear to reduce the friction below that measured for pure dodecane although the difference observed is only clear after a running time of 80 min. These results do not show any significant effect of solid particles on friction reduction, which is to be expected as PMMA homopolymers are not known to have inherent friction reducing properties. While no conclusions can be drawn between pure dodecane and particles that do not contain any FM due to the size of the error seen, the comparison between pure dodecane and samples containing FM shows a marked decrease in friction coefficient. The sample of 'FMloaded' particles suspended in dodecane showed the lowest friction coefficient of all samples, thus demonstrating a benefit in drastically increasing the FM concentration in the oil via this encapsulation process. The differences demonstrated in this initial figure are explored in greater details in the next sections.
Wear
Wear tests were conducted on the same steel plates used in the TE77 testing as described in the experimental section. The corresponding data is shown in Fig. 4 . Each result is the average wear volume measured for the three separate plates, where testing was carried out under identical conditions.
As expected, it is clear that a FM-saturated dodecane leads to a noticeable reduction in wear volume when compared to pure dodecane. Furthermore and more interestingly, for both sets of particles (solid PMMA particles and 'FM-loaded' particles) the measured wear volume was lower than that measured when no particles were incorporated into the dodecane. This was true at all particle concentrations. The effect of changing the concentration of solid particles follows no specific trend although for FM-loaded particles, the wear volume appears to be within experimental error for all particle concentrations. Consequently, it can be seen that only a small amount of the solid PMMA particles needs to be dispersed into dodecane in order to produce a dramatic reduction in the wear volume.
The wear scars resulting from these experiments were analyzed using scanning white light interferometry, which also allows for scar depth to be measured. Fig. 5 shows a comparison between wear scars generated when pure dodecane and FM-saturated dodecane are used as lubricating oils.
Organic friction modifiers and antiwear additives are both surface active additives and operate under similar conditions, which is likely to contribute to the organic friction modifier used in this study also having some mild antiwear properties [12] . As expected, the depth of the wear scar when FM-saturated dodecane is used (∼1.1 μm) is much smaller than in the case of pure dodecane (∼4.7 μm). This confirms that the FM acts as it should when dissolved in dodecane, retaining the significant desired effect on the surface wearing process.
Examples of the wear scars seen for dodecane containing solid particles (14 wt%) and those generated for dodecane containing 'FMloaded' particles (14 wt% particles, equivalent to 3 wt% FM) are shown in Fig. 6 and Fig. 7 , respectively. The wear scars here are much shallower than when pure dodecane (∼4.7 μm) was used as a lubricating , and dodecane with 'FM-loaded' particles (▲) (14 wt% particles is equivalent to 3 wt% FM in the overall sample; 7 wt% particles = 1.5 wt% FM; 4 wt% particles = 0.8 wt% FM; and 1 wt% particles = 0.3 wt% FM). Each plot is the average wear volume measured for three separate test plates, carried out under identical conditions, error bars are the standard deviation of the three tests and lines are plotted to guide the eye.
oil. The wear scar generated when using dodecane with solid particles appears deeper (∼0.45 μm) and better defined than the wear scar imaged when dodecane with the FM-loaded particles (∼0.10 μm) were used as a lubricating oil.
Samples containing particles showed an 84% reduction in wear when compared to plates tested with fully saturated dodecane, and an 89% reduction in wear compared to plates tested in pure dodecane (Fig. 5 ). There appears to be very little variance between samples of different particle concentration, which again shows that only a small percentage of particles need to be incorporated into dodecane to produce the desired reduction in wear.
At most particle concentrations, the particles containing encapsulated FM produced lower wear during testing than when solid particles were used. This suggests that there is a synergy between FM and the PMMA used to form the particle shell, which results in unique wear reducing properties.
Effect of particle diameter 4.2.1. Friction
The 2-h friction tests were considered to have reached a steady state during the last 30 min of the test, at this point the running-in period was complete. The friction coefficients during this steady state period are thus averaged out for each sample and are given in Fig. 8 . Each result is an average of the three separate tests and the error bar for each data point corresponds to the standard deviation of these three tests. The particle samples that were used to determine the effects generated by particles of different sizes were all solid PMMA particles, which contained no FM. The solid particles possessed average diameters of approximately 1600 nm, 850 nm and 150 nm, respectively. It is worth noting that the stated friction coefficients for pure dodecane, and dodecane saturated with FM, are for comparison only and contain no particles.
As expected, blending the FM into dodecane produces a friction coefficient (0.0084 ± 0.003) lower than that measured for the dodecane itself (0.139 ± 0.015). At all particle concentrations tested, the measured coefficient of friction is higher than those measured for the FM-saturated dodecane. The effect of changing the concentration of solid particles used appears not to follow a trend. As a result, there was little evidence found to support a clear link between the particle concentration and the measured friction. This observation again highlights that the addition of only a small concentration of particles is necessary to improve reliability and friction reduction. A small increase in friction coefficient was seen for the largest particle diameter but without being statistically significant. As there is no great advantage to using any particular particle diameter investigated here, future applications may emphasize the final appearance of the oil as a deciding factor in incorporating particles within the lubricant formulations, as particles above 100 nm may result in cloudy oils as they scatter light efficiently.
Each sample was tested at the same particle concentrations but, because of the differing particle diameters, each sample also contained a different number of particles. Over the range studied, it seems that the number of particles (and therefore the corresponding total particle surface area in the sample) in the system does not have a direct effect on the friction coefficient measured, as shown in Fig. 9 . Fig. 7. 2D and 3D interferometry images of the wear scar of a plate tested when dodecane with FM-loaded particles (14 wt% particles; 3 wt% FM) was used as a lubricating oil in TE77 testing. In this case the wear scar created during testing was not fully centered (as can be seen from the dark area on the left of the plate on the top image). This experimental variation was taken into account when determining the wear volumes from image analysis. As seen in Fig. 10 , 'FM-loaded' particles appear to have the potential to reduce the measured coefficient of friction below that of dodecane fully saturated with FM, which here represents the amount of FM that could be blended traditionally. This suggests that the interaction of FM with the surface can be enhanced when the FM is encapsulated within the PMMA particles present in these samples. On this basis, the effect of the concentration of FM within the particles was also investigated to understand whether further decreases in friction coefficient could be recorded. For this purpose, particles were synthesized as detailed in Section 3.2 using varying amounts of FM. It should be noted that in the following tests, altering the particle concentration also directly alters the FM concentration within the overall system.
All samples containing particles with encapsulated FM produced friction coefficients below those measured for pure dodecane (0.139 ± 0.015). The effect of changing the concentration of particles used appears to follow no trend and, once again, there is little evidence in these samples to suggest that changing the concentration of particles used had a significant effect on the friction measured.
The particles containing the highest concentrations of FM encapsulated within their cores resulted in the lowest friction coefficient measurements, including cases where the friction coefficient was reduced to values below those measured in the fully saturated dodecane (0.0084 ± 0.003). This phenomenon is likely due to the fact that all of oil samples containing 'FM-loaded' particles have an FM concentration much higher than can be blended by conventional means. When comparing the 3.5 wt% and 14 wt% particle samples only a small change in friction is seen, suggesting that only a relatively small concentration of particles is needed to reduce friction. The need for only a low concentration of particles to be present in a lubricating oil should ensure that there is little effect on the appearance of the oil itself.
The amount of FM encapsulated does seem to have an influence on the friction coefficient measured. Fig. 11 shows the effect FM concentration has on the measured coefficient of friction.
Changing the concentration of particles in the dodecane produces a change in the concentration of FM in the system being tested, and, consequently, some of the different samples tested contained the same overall FM concentration. Despite these systems containing the same amount of FM, the particles that contain the most FM within their cores still produce the lowest friction coefficients, once again demonstrating that the number of particles does not have a direct effect on the friction coefficient measured. Fig. 11 Indicates that the inclusion of a lower concentration of particles containing a high amount of encapsulated FM, can produce lower friction coefficients than a high concentration of particles containing a low amount of FM (i.e. where both samples have the same overall FM concentration in the system). This suggests that the delivery method of the FM may be dominated by the bursting of particles and the quick delivery of FM wherever and whenever it is needed, rather than the slow leaching of FM from the particles over time as was the initial hypothesis.
Wear
Fig . 12 shows the wear results obtained from particles containing different concentrations of FM encapsulated within their cores. Each result is the average wear volume measured of three separate plates, tested under identical conditions. At all particle concentrations measured, the volume of wear was lower than for the experiments using pure dodecane only (∼9.7 × 10 6 ± 4 × 10 5 μm
3
) and also for those testing dodecane fully saturated with FM (∼5.9 × 10 6 ± 7 × 10 5 μm 3 ). The effect of changing the concentration of particles, and thus the concentration of FM in the system, follows no specific trend. There appears to be very little difference between particles containing the various concentrations of FM and also little variance between samples of different particle concentrations. This suggests that while the organic friction modifier used may exhibit some mild antiwear properties, this effect has reached a maximum at some point and the presence of additional FM in the system provides no further advantage to the wear reduction seen. Once again, it can be seen that only a small amount of these 'FM-loaded' particles are needed in order to dramatically reduce the wear volume.
Proposed mechanism of friction reduction
Literature suggests that there are two general mechanisms of action when inorganic particles are used, either as an additive or as a solid lubricant, in a lubricant oil: a) a tribofilm is formed at the surface of the contacts or b) the particles act as rolling bearings in order to physically Fig. 10 . Friction coefficient (μ) during the last 30 min of the 2 h tests, error bars coloured for clarity. Pure dodecane (upper red horizontal dotted line, friction coefficient = 0.139), dodecane with 1100 nm 'low' 'FM-loaded' particles (•, orange) (1 wt% particles is equivalent to 0.1 wt% FM; 3 wt% particles = 0.2 wt % FM; 7 wt% particles = 0.4 wt% FM; and 14 wt% = 0.7 wt% FM), dodecane with 900 nm 'medium' 'FM-loaded' particles (x, purple) (1 wt% particles = 0.1 wt% FM; 3 wt% particles = 0.4 wt% FM; 7 wt% particles = 0.7 wt% FM; and 14 wt% particles = 1.5 wt% FM), dodecane with 1100 nm 'high' 'FMloaded' particles (▲, light blue) (1 wt% particles = 0.3 wt% FM; 3 wt% particles = 0.8 wt% FM; 7 wt% particles = 1.5 wt% FM; and 14 wt% particles = 3.1 wt% FM), and dodecane saturated with FM (lower green horizontal dotted line, friction coefficient = 0.084). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) Fig. 11 . Friction coefficient (μ) during the last 30 min of the 2 h tests, error bars coloured for clarity. Dodecane with 'FM-loaded' particles. Particle concentrations correspond to the samples shown in Fig. 10 . separate the surfaces [22, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . While a number of mechanisms of friction reduction and wear reduction are proposed in these same studies, care must be taken in applying these to the particle system tested in this study. Mechanisms proposed in literature are focused on metallic-based nanoparticles with the majority being used in the elastohydrodynamic regime [33, 45] . Particles in these studies were generally measured at particle concentrations [45, 46] lower than 0.1 wt% to overcome the problem of particle aggregation. This problem is overcome here by the use of steric stabilisers incorporated onto the particles surface.
Tribological testing conditions chosen in this study were designed to produce boundary lubrication. It has been shown here that the addition of a relatively small concentration of PMMA particles in dodecane is enough to dramatically reduce the friction coefficient measured.
Scanning electron microscopy of the tribotested steel plates
After TE77 testing was complete, SEM was carried out on the steel plates used in the tribological tests to monitor the presence of a polymer film inside the wear scar. The SEM micrographs produced in this work have been provided in the Supplementary Information, Fig. S4 -S9 . When exposed to the beam of electrons in electron microscopy chamber, PMMA will cross link and become damaged, thus changing the appearance of the polymer. Here, this phenomenon has been used advantageously to confirm the presence of a PMMA film; focusing the electron beam in one area long enough for damage to occur to the polymer produces an area that appears darker than its surroundings due to a build-up of charge. SEM analysis of the plates showed the creation of these darker areas inside the wear scar all along the length of the scar, but these were not created at any point outside of the wear scar; thus, making it clear that a PMMA tribofilm is formed in the wear scar during testing but nowhere else on the surface. The PMMA tribofilm only forms in the area of the contact suggesting that the formation of this tribofilm is directly due to the action of the contact between the pin and plate. The formation of this PMMA tribofilm may also account for the wear reduction seen when comparing samples with particles to samples without particles. This effect has been noted previously [44, [47] [48] [49] [50] and is characterized by the deposit of nanoparticles on the rubbing surfaces compensating for the loss of asperity roughness.
Plots of friction coefficient versus particle concentration, both of solid particles and FM-loaded particles, appeared to show a drop in friction coefficient at two different particle concentrations (3.5 wt% and 14 wt%). This suggests that there may be different friction reduction mechanisms taking place dependent on the concentration of particles present in the dodecane. Through comparison of the wear scars in the samples tested, a mechanism for the formation of the tribofilm can be proposed. In the plates tested using pure dodecane (0 wt% particles) the direction of rubbing could be clearly seen. The plates supplied have a known roughness, which means that before testing is carried out some scratches due to polishing can be seen on the surface of the plates. These imperfections, present on the surface of the material before tribological testing, can still be seen outside the wear scar but were removed by the reciprocating action of the pin moving across the surface of the plate during the creation of the wear scar. Wear particles, characterized by their irregular shape and size (unlike the monodisperse, PMMA particles that are spherical), can be seen across the plate. The majority of these wear particles are found close to the wear scar. At 1.5 wt% solid particle concentration in dodecane the polymer film formed inside the wear scar was not complete and intact PMMA particles could be seen outside the wear scar trapped in the scratches on the surface. Kao and Lin also reported this observation when using titanium dioxide particles [51] .
When 3.5 wt% solid particles in dodecane were tested, a complete polymer tribofilm forms; this was confirmed by the disappearance of the polishing marks on the surface of the sample, and the lack of PMMA particles in the wear scar. This suggests that asperities on the surface were completely smoothed out by particles that had become trapped and crushed in the contact, smoothing the surface to produce a flat PMMA tribofilm.
When the particle concentration was increased up to 14 wt% in dodecane, a complete PMMA tribofilm could be seen inside the wear scar and was confirmed by the systematic damaging of the surface by the electron beam in SEM analysis. Outside of the wear scar, intact PMMA particles could be found across the surface, but once again no damage could be caused to the surface by the electron beam as no polymer tribofilm had formed there.
In each case, wear debris could be seen mixed with intact polymer particles closer to the wear scar, suggesting that some wear of the plate occurs before the formation of a protective polymer tribofilm. Further testing would need to be carried out to determine whether this is indeed the case. The drop in friction coefficient at higher particle concentration may therefore be due to the formation of a PMMA film working alongside a further friction reducing mechanism deriving from these intact particles.
In the literature, there are many theories that have been suggested as to the mechanism taking place at higher concentrations of particles, all of which focus on the physical separation of the two sliding surfaces due to the action of the particles [34] [35] [36] 49] . A number of the studies of metallic nanoparticles suggest that a rolling mechanism may be taking place alongside film formation [51] . However, this is unlikely to be the case here as the polymer particles do not have sufficient mechanical strength to support the load applied.
Formation of polymer tribofilm
In all cases, the addition of particles reduced both the friction coefficient and measured wear volume when compared to both pure dodecane (0 wt% particles) and dodecane fully saturated with FM (0 wt % particles). SEM analysis has successfully been used to confirm the formation of a polymer tribofilm within the wear scar. Similar mechanisms were previously suggested, but not proven, for ZDDP coated metallic-core nanoparticles by Li et al. [52] and also by Hu et al. [35] for lanthanum borate particles. A similar mechanism has also been shown by Cizaire et al. [43] , whereby inorganic IF-MoS 2 nanoparticles used in a lubricating oil were squeezed through a contact to create a tribofilm at the interface; the tribofilm itself then acting as a sacrificial FM/AW layer. The mechanism proposed here suggests that the PMMA particles may act in a similar fashion, however, the PMMA tribofilm is aided by the organic FM present in the system. An excellent overview of the separate possible mechanisms which may arise from the incorporation of either polymer nanoparticles or metallic nanoparticles, which themselves act as friction modifiers, has been given by Tang and Li [47] ; we propose that a combination of these mechanisms may be in effect in our system due to the unique combination of an organic friction modifier being encapsulated within a polymeric nanoparticles.
A schematic of the proposed mechanism of friction and wear reduction of the particle samples tested in this work is shown in Fig. 13 .
It has been demonstrated that the reduction of friction is linked to the amount of FM encapsulated within the core of the particle present in the dodecane model oil being tested; particles with higher concentrations of FM encapsulated within the core exhibited the greatest decrease in friction. This suggests that the delivery method of FM into the surrounding dodecane may be dominated by the bursting of particles which can quickly deliver the FM to where and when it is needed within the contact.
The mechanism by which organic FM layers are formed is well documented, but in samples of dodecane with 'FM-loaded' particles, a different mechanism appears to be observed. In the case presented here, it is anticipated that the FM self-assembles to form a tribolayer on the surface, possibly through hydrogen bonding with the polymer film. Other FM molecules then align depending on the polarities of the uppermost layer of FM, to form a protective multilayer, which is characteristic of organic FMs. This multilayer protects the metallic surface by acting as a sacrificial layer, which is removed by the action of the pin moving across the surface of the plate, resulting in free FM in the dodecane continuous phase. This FM then readheres to the surface to reform the tribolayer, shown in Fig. 14. This work shows the potential of particles to release FM though a bursting mechanism. However, the particles also have the potential to act as an 'additive reservoir', capable of slowly leaching the FM into the oil over the lifetime of that oil.
To demonstrate slow release, dodecane samples containing the 'FMloaded' particles were centrifuged, the dodecane supernatant was removed and fresh dodecane was added to the particles, which were then gently re-suspended for the remainder of the test cycle. The supernatant dodecane was then tested by HPLC (high performance liquid chromatography) to determine the concentration of FM that was released into the continuous phase in one test cycle. Two cycle times were tested: 1 h, which ensured that the greatest concentration possible of FM had diffused into the dodecane, and 15 min, the shortest time period possible in which this testing could be carried out. Release data for the diffusion of FM from the core of the 'FM-loaded' particles into fresh oil is shown in Fig. 15 . This data shows the ratio of FM cumulatively released into fresh dodecane as a function of cycle number.
It is clear that not all FM incorporated within the particle synthesis mixture has been encapsulated, as the cumulative release appears to plateau around a value of 35% of released FM (when compared to the total mass of FM included in the particle synthesis procedure). Some FM will preferentially remain in the particle core as a result of methanol being present within the particles. The cycle timescale (1 h or 15 min) does not appear to significantly alter the data, and therefore a longer experiment was run with the 15 min cycles, showing a steady state release of the FM after between 5 and 10 cycles. It can thus be seen that the 'FM-loaded' particles are able to fully replenish the FM concentration of the surrounding dodecane quickly and efficiently for both timescales. This demonstrates that the particles are capable of supplying the additive via this method for the lifetime of the oil in our experiments.
In reality a mixture of both additive replenishment methods described here may take place within a fully formulated oil in an engine. Fig. 13 . Proposed mechanism of friction and wear reduction in samples containing solid particles.
Fig. 14. Proposed mechanism of friction and wear reduction in samples containing FM-loaded particles. It should be noted that the polymer tribofilm and FM layer are likely to form on the surfaces of both the plate and the pin, for clarity this process is only shown on one surface here. Fig. 15 . Cumulative sustained release of FM with each cycle. Here, "cycle" refers to the amount of time the particles were redispersed in each aliquot of fresh dodecane.
Conclusions
This study has demonstrated that the encapsulation of an organic FM, by use of a co-solvent, is possible via dispersion polymerization in a non-aqueous continuous phase.
The effects of particle concentration, diameter, morphology, and the degree of 'FM-loading' within the PMMA particles on the friction and wear reducing properties of dodecane have all been investigated in this study. It has been found that adding particles to a dodecane model oil, either solid PMMA particles, PMMA particles with a methanol core, or 'FM-loaded' PMMA particles, can decrease the friction coefficient below that of pure dodecane, and in some cases can even decrease the friction coefficient below those measured for dodecane that has been saturated with FM via traditional blending methods. It has also been demonstrated that the addition of particles, of any type described here, can reduce the measured wear volumes when compared with pure dodecane or the dodecane fully saturated with FM. The effects of friction and wear reduction can be seen with the addition of only 1.5 wt% concentration of particles. This suggests that the delivery method of the FM may be dominated by the bursting of particles and the quick delivery of FM to wherever and whenever it is needed, rather than the slow leaching of FM from the particles over time as was the initial hypothesis.
A mechanism for friction and wear reduction has been proposed by SEM analysis of the steel plates that had been used in the tribological testing. When exposed to an electron beam, such as that in scanning electron microscopy, PMMA will cross-link and become damaged, thus appearing darker in the image taken. This phenomenon has been used to confirm the presence of a polymer tribofilm inside the wear scar after testing. This same phenomenon cannot be demonstrated outside of the wear scar, indicating that the tribofilm is only formed when particles enter the tribological contact and are broken by the action of the cast iron pin sliding across the steel plate. Accordingly, this means that the polymer tribofilm cannot be formed outside of the wear scar.
